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Fibrillin and the Marfan Syndrome

Identification
of Defects in the
Fibrillin Gene and Protein

in Individuals with the Marfan Syndrome
and Related Disorders

The Marfan syndrome is an autosomal dominant disorder with pleiotropic manifesta-
tions that involve the cardiovascular, ocular, and skeletal systems. Through a number of
investigational approaches, the gene encoding for fibrillin, the FBNT gene on chromo-
some 15, has been identified as the defective gene causing the Marfan syndrome. Fibril-
lin is the large glycoprotein with a repetitive domain structure and is a major protein
component of microfibrils, a fibrillar system closely associated with elastin in connec-
tive tissue. Mutational analysis of defects in the FBN1 gene in patients with the Marfan
syndrome has revealed that most mutations are private or unique in an affected indj-
vidual or family. Analysis of fibrillin protein or gene defects in individuals with related
phenotypes has revealed that a perinatal lethal syndrome, termed neonatal Marfan syn-
drome, is due to FBN1 gene mutations. In addition, fibroblast cell strains from a subset
of patients with idiopathic scoliosis have fibrillin protein defects. Last, fibroblasts from
calves affected with bovine Marfan syndrome display defects in the fibrillin protein. These
studies have wide-ranging implications in the diagnosis, treatment, and prevention of
Marfan syndrome and related disorders. (Texas Heart Institute Journal 1994,;21:22-9)

he Marfan syndrome is an autosomal dominant disorder with cardiovas-

cular, skeletal, and ocular complications. The disorder has an estimated

prevalence of 1 per 10,000 population.! Approximately one quarter of pa-
tients are born to parents who are not clinically affected, and are thought to result
from new mutations in the parental germline. The Marfan syndrome shows high
penetrance, and variability in the clinical expression of the disease is common,
both between and within families.

The life-threatening complications of the Marfan syndrome are related to the
cardiovascular complications. Before the advent of cardiovascular surgery to cor-
rect these problems, the life expectancy of an affected patient was greatly de-
creased, with an average age at death of 32 years.” The most serious cardiovascular
problem is progressive dilatation of the ascending aorta, which can lead to dis-
section or rupture if not surgically corrected.*” The majority of patients with the
Marfan syndrome also have mitral valve abnormalities, most commonly mitral
valve prolapse, but also mitral regurgitation.®”

The skeletal features of the disorder are the most outwardly striking character-
istics of the syndrome. Affected individuals typically are very tall, with long arms
and legs (dolichostenomelia) and long, thin fingers (arachnodactyly). In addition,
they can have skeletal features such as pectus deformities, scoliosis, high-arched
palate, pes planus, and joint hypermobility. Cardinal manifestations involving the
eye include lens dislocation (ectopia lentis), myopia, and retinal detachment.

In the past few years, intensive work by a number of groups has identified the
defective gene causing the Marfan syndrome, the fibrillin or FBN1 gene. Charac-
terizations of mutations in this gene have provided information about the struc-
tural domains of the fibrillin protein important for the integrity of the connective
tissue. In addition, further work has defined the spectrum of phenotypes associ-
ated with FBN1 gene mutations. These studies have wide-ranging implications
for the prevention, diagnosis, and treatment of these disorders.
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Elastin and Microfibrils

Initial work to elucidate the pathogenesis of the
Marfan syndrome involved histopathologic examina-
tion of aortas from individuals with the Marfan syn-
drome. These examinations revealed cystic medial
necrosis characterized by focal loss or fragmenta-
tion of elastic fibers.® Abnormal elastic fibers were
observed in other tissues (including lung and skin)
from patients with the Marfan syndrome.*' Bio-
chemical analysis of aortic tissue confirmed substan-
tial reduction in elastin content and revealed a 50%
decrease in the desmosine (elastin-specific cross-
links) content of the isolated elastin.® All these re-
sults suggested a defect in the formation of elastin
fibers. Initially, attention focused on the gene for
elastin, the major protein in the elastic fiber. A can-
didate gene approach was not successful in exclud-
ing elastin as the candidate gene, due to a lack of
polymorphisms in or around the gene.

The 2 major components of the elastic fiber are
an amorphous core of elastin and a matrix of mi-
crofibrils that surrounds the amorphous core (Fig. 1).
Microfibrils are approximately 10-nm fibers that ap-
pear on the periphery of the amorphous core of elas-
tin, but also appear in tissues without elastin.''?
Microfibrils appear to play a role in the formation of
elastin fibers during development, by providing a
scaffold upon which newly synthesized elastin is
deposited. The most striking accumulation of mi-
crofibrils (without elastin present) is found in the
zonule of Zinn, the suspensory ligament of the eye
that holds the lens in place. Because microfibrils
were found both in the elastic fibers and in the sus-
pensory ligament of the eye, the protein compo-
nents of the microfibrils became candidates for the
defective gene product causing the Marfan syn-
drome.

In 1986, the major protein component of micro-
fibrils was identified and termed fibrillin.!? Fibrillin

Fig. 1 Electron microscopic examination of microfibrils (M)
around the amorphous core of an elastic fiber (E) in human
skin. Larger collagen fibers (C) can be seen.

is a large glycoprotein (350 kD) that is found both
in microfibrils associated with elastin and in mi-
crofibrils not associated with elastin. The protein is
found in a wide variety of tissues, including those
of the skin, lung, kidney, vessels, cartilage, tendon,
muscle, cornea, and suspensory ligament of the eye.
Once the major protein component of microfibrils
had been identified, the gene that encodes for fibril-
lin became a major candidate for the defective gene
causing the Marfan syndrome.

Identification of the Genetic Defect

In the late 1980s a number of approaches were used
to identify the genetic defect causing the Marfan
syndrome (Fig. 2). An international consortium of in-
vestigators was carrying out genetic linkage analysis
with anonymous polymorphic probes to map the
chromosomal locus for the genetic defect causing
the Marfan syndrome. Other investigators endeav-
ored to clone, characterize, and determine the chro-
mosomal location of the fibrillin gene. Last,
biochemical studies were under way to discover spe-
cific defects in the structure, synthesis, and process-
ing of fibrillin by cells from Marfan patients.

The 1st biochemical data to support fibrillin as the
defective gene product causing the Marfan syn-
drome came from work by the late D. Hollister and
colleagues.’? Their work strengthened the hypoth-
esis that fibrillin was the defective gene causing the
Marfan syndrome by demonstrating decreased im-
munofluorescence of anti-fibrillin antibody-stained
dermal biopsies and cultured fibroblasts from
Marfan syndrome patients. Further biochemical evi-
dence that fibrillin was the defective gene product
came from our studies of the synthesis, secretion,
and processing of fibrillin by dermal fibroblasts from
Marfan patients. These studies showed 3 metabolic
defects in fibrillin processing by dermal fibroblasts
from Marfan patients: decreased fibrillin synthesized
by the cell, inefficient secretion of fibrillin, and de-

Chromosomal
Localization

Biochemical
Analysis

Gene
Defect

T

Candidate
Gene
Approach

Fig. 2 Three scientific approaches pursued by different
investigators to identify the genetic defect causing the Marfan
syndrome.
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creased incorporation of fibrillin into the pericellular
matrix, presumably in the form of microfibrils (Fig.
3).16‘17

By 1990, researchers participating in the interna-
tional consortium reported exclusion of 75% of the
human genome as the site of the Marfan syndrome
locus.’ In 1991, Finnish researchers reported link-
age of the Marfan syndrome to the long arm of chro-
mosome 15, 15q15.23.” Subsequent studies further
defined the locus and showed that all Marfan fami-
lies studied were linked to this region, i.e., there was
no evidence of genetic heterogeneity.?**

The final steps in determining the defective gene
causing the Marfan syndrome came with the cloning
of the partial cDNA of fibrillin by 2 groups.?>? Poly-
morphic markers within the gene were shown to be
closely linked to the Marfan syndrome without re-
combination.??? In addition, the gene was mapped
to 15q15.21, the same chromosomal location to
which Marfan syndrome had been mapped using
random genomic probes.? The final proof came with
the identification of a de novo mutation causing the
disease in 2 patients with sporadic disease.?

The Fibrillin Gene and Protein Structure. The
complete cDNA sequence encoding fibrillin was re-
ported in 1993 by 2 research groups.®? The cDNA
sequence predicts a cysteine-rich glycoprotein with
a repetitive domain structure, as shown in Fig. 4. The

fibrillin gene is relatively large (approximately 110
kb). The cDNA is encoded in 64 exons, with almost
every cysteine-rich motif encoded by its own exon.?

The protein contains 47 repeats that have homol-
ogy to epidermal growth factor (EGF), 43 of which
are predicted to bind calcium, due to the presence
of a calcium-binding motif.#? Each of these repeats
contains 6 cysteines that are inferred to form the
same disulfide bonds as EGF, i.e., disulfide bonds
between the 1st and 3rd, 2nd and 4th, and 5th and
6th cysteines. In addition, the protein has repeats
with homology to domains found in the transform-
ing growth factor B1 binding protein (TGFB1 bind-
ing protein).” These domains are also cysteine rich,
containing 8 cysteines each. Fibrillin has other cys-
teine-rich domains that are variants of the EGF and
TGFB1 binding protein motifs (hybrid motifs). Last,
fibrillin has 3 unique domains: an amino-terminal
domain, a carboxy-terminal domain, and a proline-
rich domain found towards the amino-terminal end
of the protein. The protein has a number of putative
sites for Mlinked glycosylation.

Characterization of Mutations in the Fibrillin
Gene. A number of mutations in the fibrillin gene
have been identified in patients with the Marfan syn-
drome (Table 1#%3036) With the exception of the
1st de novo mutation identified in 2 unrelated af-
fected individuals, all mutations have been private
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Fig. 3 Diagrammatic representation of fibrillin synthesis, secretion, proteolytic conversion, and microfibril formation by human
dermal fibroblasts. The circled numbers indicate the approximate location of defects in the synthesis (1), secretion (2), and matrix
incorporation (3) of fibrillin in dermal fibroblasts from individuals with the Marfan syndrome.

RER = rough endoplasmic reticulum

(Modified from Milewicz,” by copyright permission of the American Society for Clinical Investigation.)
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or unique in every family. Currently, there is no cor- All missense mutations identified are predicted to
relation between the location of the mutation and  disrupt EGF-like domains that bind calcium.?3-3

the resulting severity of the Marfan syndrome or spe-  Four of the missense mutations involve substitution
cific systems affected. of 1 of the highly conserved cysteines in the EGF-
Y Y Y Y YYY
\\ % %
NH2 COOH
-
unique region / hybrid motif 8-cysteine motif
[ 7

proline rich region

I:I EGF motif |:| cbEGF motif

Fig. 4 Diagrammatic representation of the fibrillin protein structure based on the cDNA sequence. The different domains
observed in the fibrillin protein are labeled in the figure legend. The Y characters above the boxes indicate potential sites of
N-linked glycosylation based on the amino acid sequence.

EGF = epidermal growth factor; cbEGF = calcium-binding epidermal growth factor

TABLE I. Identified Mutations in the FBN1 Gene in Marfan Patients

SEQUENCE ALTERATIONS* AMINO ACID CHANGES* PREDICTED EFFECT ON PROTEIN

Missense Mutations

G716C R239P Disrupt secondary structure of EGF-like domain?*
G4226C C1409S Disrupt secondary structure of EGF-like domain®
G1052C C351S Disrupt secondary structure of EGF-like domain3'
T2293C C765R Disrupt secondary structure of EGF-like domain®'
G3968C C1323S Disrupt secondary structure of EGF-like domain®'
A-1052T N-3511 Disrupt Ca** binding to EGF-like domain®
A-527C D-176A Disrupt Ca** binding to EGF-like domain3?
A3737G N1246S Disrupt Ca** binding to EGF-like domain®

Nonsense Mutations

G5574A W1858X Premature termination of protein translation3*

Insertion/Deletions

2444 ins TTCA - Premature termination of protein translation32

del -2530 to -2448 - Premature termination of protein translation32
(splicing error, G +1 to A)

del 4762 to 5127 - Deletion of 3 EGF-like domains with protein
(genomic deletion) translation maintained*

del 6664 to 6787 - Deletion of 1 EGF-like domain with protein
(splicing error, G +1 to C) translation maintained®®

del 3620 to 3685 Y1215X Deletion of 1 EGF-like domain with protein
(T3645G) translation maintained3®

*Nucleotide and amino acid numbering as used by Corson.%

Texas Heart Institute Journal Fibrillin and the Marfan Syndrome 25



like domains, therefore predicted to disrupt the sec-
ondary structure of the EGF-like domain by prevent-
ing proper disulfide bonding. Specific residues
within the EGF-like domains have been shown to be
critical for calcium binding.?”?%* Three missense
mutations (N1246S, N-3511, and D-176A) disrupt
these amino acids for calcium binding. The last mis-
sense mutation (R239P) does not disrupt an amino
acid critical for calcium binding, but the substitution
of a proline residue for an arginine would disrupt
the secondary structure of the domain. Although
these missense mutations are predicted to affect the
binding of calcium to the EGF-like domain, the role
that calcium binding plays in fibrillin function has
yet to be elucidated.

Three splicing errors have been identified323536
as the causative mutation in 3 unrelated Marfan pa-
tients. Two of these mutations delete EGF-like do-
mains and leave the reading frame of the protein
intact,>3 whereas 1 deletes an EGF-like domain and
disrupts the reading frame, leading to a truncated
protein.?? Two of these splicing errors are due to mu-
tations at the splice donor site.??3> The last splicing
error results from a nonsense mutation at position
+26 of the deleted exon.* Surprisingly, the reading
frame of the protein is maintained despite the ab-
normally spliced exon.

A number of mutations result in the synthesis of a
truncated protein. A nonsense mutation in the car-
boxy terminus is predicted to shorten the protein by
116 amino acids.?* An insertion of 4 amino acids at
nucleotide 2444 leads immediately to a premature
stop.? Last, a genomic deletion results in deletion of
366-bp from the fibrillin message, producing an in-
frame deletion of 122 amino acids.

A number of conclusions can be drawn from the
mutational analysis. First, disruption of the second-
ary structure of EGF-like domains (e.g., disrupting
disulfide pairing by mutating 1 of the cysteines) can
cause the phenotypic manifestations of the Marfan
syndrome. Second, mutations that disrupt the cal-
cium-binding motif in the EGF-like domains can
produce the disease. Third, selective deletion of 1 of
these domains can also result in the disorder. Last,
truncation of the protein, even within the unique
carboxy-terminal domain, can produce disease. Sur-
prisingly, no large genomic rearrangements leading
to a nonexpressed or null allele have been identi-
fied, raising the possibility that a true null allele does
not cause typical Marfan syndrome.

Spectrum of Phenotypes

Associated with Fibrillin Protein Defects

The varied clinical features of the Marfan syndrome
have led to speculation that isolated features of this
disorder (or related syndromes) may be due to mu-
tations in the FBN1 gene. One Marfan-related disor-
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der has been shown to be due to mutations in the
fibrillin gene, dominantly inherited ectopia lentis.®
Initial studies of families with dominantly inherited
mitral valve prolapse or annuloaortic ectasia have
not shown linkage to the FBN1 gene.

We have been interested in investigating the role
of fibrillin in a number of clinical disease states.
Screening the greater than 8 kb of the fibrillin cDNA
for mutations that cause the Marfan syndrome pre-
sents a formidable task. Instead, we have relied on
biochemical assessment of fibrillin synthesis and
processing by using dermal fibroblasts from affected
individuals as a screen for possible FBN1 mutations
(see Fig. 3). If a protein defect is identified, the
fibrillin cDNA is analyzed for a mutation. Using this
protocol, we have assessed the role of FBN1 muta-
tions in the following disorders: neonatal Marfan
syndrome, adolescent idiopathic scoliosis, and an
animal model of the Marfan syndrome. In addition,
we are in the process of investigating the role of
fibrillin in the pathogenesis of isolated thoracic aor-
tic aneurysms and a number of other disorders.

Neonatal Marfan Syndrome. This is a sporadic,
perinatal, lethal syndrome with features of the
Marfan syndrome along with manifestations not ob-
served in classic Marfan syndrome.*-4* Affected chil-
dren are born with severe cardiovascular problems,
including mitral valve regurgitation and progressive
aortic root dilatation, and with ocular and skeletal
features typical of the Marfan syndrome (Fig. 5). In
addition, these patients have congenital contrac-
tures, atypical facies, loose, redundant skin, and
pulmonary emphysema. These children usually die
within the 1st year of life. This more severe and com-
plex phenotype, exhibiting features not typically
found in Marfan patients, leads to questions about
the molecular defect causing neonatal Marfan syn-
drome. In our study of an infant with this syndrome,
we explanted dermal fibroblasts and found that
these cells secreted fibrillin inefficiently, suggesting
a mutation in the FBN1 gene. The fibrillin cDNA
from the patient’s fibroblasts was screened for a
mutation and a unique 3-bp insertion was identified
between bases 480 and 481 or 481 and 482 of the
fibrillin cDNA.%% The insertion maintains the read-
ing frame of the fibrillin protein but inserts an addi-
tional cysteine into 1 of the EGF-like repeats.
Therefore, we concluded that neonatal Marfan syn-
drome was due to mutations in the FBN1 gene. We
now are investigating why a mutation in this region
of the fibrillin protein results in such severe disease.

Adolescent Idiopathbic Scoliosis. Scoliosis is 1 of the
pleiotropic manifestations of the Marfan syndrome,
raising the possibility that individuals with isolated
adolescent idiopathic scoliosis may have defects in
fibrillin. To answer this question, we have collabo-
rated with Nancy Hadley-Miller, Baylor College of

Volume 21, Number 1, 1994



Fig. 5 Heart at autopsy of a patient with neonatal Marfan
syndrome who died at the age of 17 months. Note the
enlarged left atrium, ventricles, and aortic root, and the
redundant chordae and leaflets of the mitral valve.

Medicine, to study fibrillin processing by fibroblasts
explanted from the ligamentum flavum of individu-
als with idiopathic scoliosis. We identified a small
subset of these patients (4 out of 23, or 17%) who
have a defect in fibrillin processing. The specific de-
fect identified in all patients was failure of fibrillin
to incorporate into the pericellular matrix surround-
ing the cells.”” Fibrillin cDNA from the cell lines that
demonstrate a fibrillin defect is now being screened
for a FBN1 mutation. The preliminary data suggest
that fibrillin defects have a role in the causation of
idiopathic scoliosis.

Bovine Marfan Syndrome. The 1st potential ani-
mal model of the Marfan syndrome was recently
identified by veterinarians at Washington State Uni-
versity.*® Bovine Marfan syndrome resembles human
Marfan syndrome in that affected cows have skeletal
anomalies (dolichostenomelia, joint hypermobility),
ocular findings (ectopia lentis), and cardiovascular
lesions (aortic root dilatation and rupture) that are
similar to features observed in human beings with
Marfan syndrome (Fig. 6). To determine if fibrillin
processing was abnormal, we obtained dermal fibro-

Texas Heart Institute Journal

Fig. 6 Bovine Marfan syndrome. This calf was diagnosed as
affected based upon hypermobility of distal limbs, dolicho-
stenomelia, ectopia lentis, and aortic root dilatation.

blasts from affected calves and age-matched con-
trols.* Metabolic labeling studies of fibrillin showed
clearly that cells from affected calves did not incor-
porate fibrillin into the pericellular matrix, whereas
cells from normal calves demonstrated normal incor-
poration of fibrillin. In conclusion, these results sug-
gest that the bovine Marfan syndrome is also caused
by a mutation in fibrillin, leading to defective incor-
poration into microfibrils.

Conclusion

Research over the past 4 years has identified the
FBN1 or fibrillin gene as the defective gene causing
the Marfan syndrome. Characterization of mutations
in the FBN1 gene in individuals with the disorder has
provided some preliminary information about the
functional significance of some regions of the fibril-
lin protein, but further work is needed to complete
our understanding of how fibrillin defects cause the
Marfan syndrome. Last, work is in progress to deter-
mine the full range of clinical disease associated with
FBN1 mutations.
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